Bacillus sphaericus has been used to control Culex pipiens pipiens and C. pipiens quinquefasciatus mosquito larvae since the late 1980s, and in some areas it is also used to control Anopheles spp. (7, 10, 11) . This organism has several advantages, including low environmental toxicity due to the high specificity of B. sphaericus toxins, high levels of efficacy and environmental persistence, and the ability to overcome resistance developed against conventional insecticides used worldwide. Only a few of the highly larvicidal B. sphaericus strains are sold commercially; strain 2362 (e.g., VectoLex and Spherimos) is sold in the United States and Europe, strain 1593 (e.g., Biocide-S) is sold in India, and strain C3-41 is sold in the People's Republic of China. For unknown reasons, some freeliving B. sphaericus strains have strong larvicidal activity directly related to the presence of a paraspore protein crystal produced during sporulation (3, 37) . This crystal contains two major polypeptides, a 42-kDa polypeptide and a 51-kDa polypeptide, which are designated BinA and BinB, respectively (21) . The mode of action of the toxin complex in susceptible mosquitoes involves highly specific binding to a receptor in the larval midgut (14, 18, 29, 31) . The two crystal components act synergistically; the BinB part is responsible for initial binding to the receptor (2) , and the BinA component confers toxicity (13, 17) .
Resistance to B. sphaericus has been reported in B. sphaericus-treated field populations of the C. pipiens complex in Brazil (32) and India (22) and C. pipiens pipiens in France (33) and China (38) . Two independent laboratory selections with California mosquitoes (C. pipiens quinquefasciatus) have also led to resistance (25, 36) . Levels of stable laboratory-selected resistance of between 35-fold and more than 100,000-fold have been reported, suggesting that there may be different resistance mechanisms. Investigations of the mechanisms and genetics of resistance to B. sphaericus have been carried out for some of the resistant populations (15, 16, 36) .
As resistance to B. sphaericus is likely to occur under certain conditions, further investigation of the variation in the toxic activities and specificities of natural B. sphaericus strains is required. All of the B. sphaericus-resistant C. pipiens populations were selected on strain 2362, 1593, or C3-41 (15, 22, 25, 38) ; all of these strains belong to the same serotype and have identical genes encoding the binary toxin. However, there are small differences in the amino acid sequences of the B. sphaericus Bin toxins (1, 8, 21) , which may be important in the structure and function of the toxin-receptor complex and therefore for larvicidal activity.
We investigated three new B. sphaericus strains which belong to different serotypes and which express binary toxins, whose crystal toxin gene sequences were known or not known at the time of the study (35) . These strains were IAB-59 (serotype H6), IAB-872 (serotype H48), and IAB-881 (serotype H3), all of which are highly toxic compared with commercial strain 2362. The sequences of the binary toxin genes of IAB-59 were determined in 1989 (1) . The sequences of the binary toxin genes of IAB-881 and IAB-872 were recently determined (af-ter the completion of this study) and were found to be identical to the sequences of IAB-59 (8) .
The aim of this study was to test four B. sphaericus-resistant C. pipiens colonies for susceptibility and cross-resistance to the three new highly toxic B. sphaericus strains, which have not been used in the field yet, in order to investigate the possibility of overcoming resistance to B. sphaericus strains 2362 and 1593 by using other B. sphaericus strains. Such strains could be used as alternatives to strains 2362 and 1593 for future management of the development of resistance to strains used commercially.
MATERIALS AND METHODS
B. sphaericus strains. The experiments were conducted with four B. sphaericus strains. Three of these strains were highly toxic and were isolated in Ghana, and they were members of the following serotypes: IAB-59, serotype H6; IAB-872, serotype H48; and IAB-881, serotype H3 (35) . The fourth strain was commercial B. sphaericus reference strain 2362 (serotype H5a5b), which was isolated in Nigeria. All strains were obtained from the Pasteur Institute Collection of Entomopathogenic Bacilli. Strains IAB-59, IAB-872, and IAB-881 were prepared as lactose-precipitated acetone powders (4) Protein analysis. Protein contents were determined by using 100 mg of each powder, which was solubilized by incubation for 1 h in 10 ml of 50 mM NaOH at 37°C with shaking and then centrifuged at 8,000 ϫ g for 30 min. The protein concentrations of the supernatants were determined by the Bradford protein assay (6), using bovine serum albumin as a standard. The equivalent of 250 g of solubilized powder for each strain was analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) (12) in a 10% polyacrylamide gel. We used broad-range protein molecular weight standards obtained from New England BioLabs (reference no. 7701L) in this analysis.
Insect colonies. The following three susceptible and four resistant colonies of C. pipiens pipiens and C. pipiens quinquefasciatus were investigated in this study: (i) JRMM-R, a laboratory-selected field colony of C. pipiens quinquefasciatus with fivefold resistance, and its parental susceptible colony, JRMM-S (F-S and F-SEL, respectively) (25, 26) ; (ii) KOCHI, a C. pipiens quinquefasciatus colony with high-level (Ͼ2,000-fold) resistance to B. sphaericus that was field selected from an area of southern India treated with B. sphaericus strain 1593M (22) , and Madurai, a susceptible laboratory colony of C. pipiens quinquefasciatus; (iii) SPHAE, a C. pipiens pipiens colony with high-level (Ͼ50,000fold) resistance that was generated by field selection from an area of southern France treated with B. sphaericus strain 2362 (16, 33) ; and (iv) GeoR, a C. pipiens quinquefasciatus colony with high-level (Ͼ50,000-fold) resistance that was produced by G. P. Georghiou, who selected field-collected larvae from California with B. sphaericus 2362 in the laboratory (15, 36) . The SPHAE and GeoR colonies were established from egg rafts kindly provided by Nicole Pasteur (University of Montpellier II, Montpellier, France) (SPHAE) and by G. P. Georghiou and Margareth Wirth (University of California, Riverside) (GeoR) and were reared at the Pasteur Institute in the Entomopathogenic Bacteria Unit. A C. pipiens pipiens colony (IP) that originated from southern France and was reared at the Pasteur Institute for more than 15 years was used as a susceptible reference colony when GeoR and SPHAE colonies were tested.
Insect toxicity assays. Bioassays were carried out during 1995 and 1996 in the following three laboratories: Centre for Research in Medical Entomology, Madurai, India, for the resistant KOCHI and susceptible Madurai colonies; Department of Entomology, University of California, Riverside, for the resistant JRMM-R and susceptible JRMM-S colonies; and the Pasteur Institute, where the resistant SPHAE and GeoR colonies were compared with the susceptible IP colony. Identical bioassay protocols were used in all of the laboratories, and the test materials for the three laboratories were produced from the same B. sphaericus powders. According to the 1985 World Health Organization protocol, 50 mg of IAB-59, IAB-872, IAB-881, or 2362 powder per 10 ml was shaken with glass beads. Bioassays were conducted with duplicate groups of 25 L4 instars by using two replicates per concentration and five or six concentrations per test in three experiments carried out in plastic cups with 150-ml (final volume) portions of serial dilutions of the bacterial powder preparations; controls were exposed to only water. Mortality was recorded 48 h after treatment. For each strain tested, the five concentrations used were determined as required for determination of 50% lethal concentrations (LC 50 ) and were then adapted to each colony, with some overlap. Strains IAB-881 and IAB-872 were not tested at concentrations greater than 267 mg/liter with the KOCHI colony or greater than 800 mg/liter with the GeoR and SPHAE colonies due to the high levels of resistance of the colonies to these strains.
Statistical analysis. Probit regression analysis was carried out with POLO-PC (28) (LeOra Software POLO-PC, Berkeley, Calif.), and resistance ratios and 95% confidence intervals (CI) were calculated as described by Robertson and Preisler (24) for toxicity tests with JRMM-S and JRMM-R. For the other three colonies, resistance ratios and CI were determined by using the Probit software described by Raymond et al. (23) , which tests the linearity of dose responses and estimates slopes, calculates lethal concentrations and 95% CI, tests whether two or more dose-mortality lines are parallel, and calculates resistance ratios and 95% CI. A resistance ratio was considered significantly different from 1 (P Ͻ 0.05) if its 95% CI did not include the value 1. Statistical analyses of LC 50 and LC 90 for different B. sphaericus strains within and between insect colonies were performed by one-way analysis of variance (ANOVA) and nonparametric oneway Kruskal-Wallis analysis (30) , using the free version of R1.2.2 Splus software. Differences among strains and colonies were significant if P was less than 0.05.
RESULTS AND DISCUSSION
Our studies of four larvicidal B. sphaericus strains assayed with four B. sphaericus-resistant Culex colonies with different genetic backgrounds in three laboratories in different geographical locations gave similar results for all highly resistant colonies; cross-resistance to strain IAB-59 was weak, whereas cross-resistance to IAB-881 and IAB-872 was strong. In contrast, strong cross-resistance to all strains was observed for the colony with low-level resistance.
Larval toxicity tests. The larval toxicity tests were performed with B. sphaericus powders, and lethal concentrations were expressed in milligrams of powder per liter. The protein contents of the strains differed. Strains IAB-881 and IAB-59 had more protein than IAB-872 and 2362 (20 Ϯ 2 g of protein per Tables 1 to 3 , and resistance ratios for each B. sphaericus strain are shown in Table 4 . The ratios are based on comparisons of the LC 50 and LC 90 for a B. sphaericus-resistant colony and a susceptible reference colony, carried out in each laboratory; the two colonies were tested at the same time. The absence of a significant difference between colonies susceptible to B. sphaericus strains made it possible to compare resistance ratios between resistant colonies. The colony with low-level resistance (JRMM-R) and the JRMM-S colony (Table 1) showed similar susceptibilities to the various strains; the resistance ratios were 4.5 to 10.2 at the LC 50 and 5.1 to 10.6 at the LC 90 . The colony with low-level resistance showed strong cross-resistance to all three IAB strains, particularly IAB-59 and IAB-872 (10-fold). In contrast, the three highly resistant colonies showed greater variation depending on the strain used. GeoR and SPHAE were tested in the same laboratory, and the IP colony was used as the susceptible reference colony ( Table 2 ). The LC 50 and LC 90 of these colonies were almost identical, and these colonies displayed 36,000-and 23,000-fold resistance to strain 2362, respectively, at the LC 50 . High-level cross-resistance to strains IAB-881 and IAB-872 was observed. The precise level of crossresistance was not determined as the highest dose tested (800 mg/liter) caused only 10% larval mortality. However, crossresistance to strain IAB-59 was low, with a resistance ratio of about 3 at the LC 50 . The third resistant colony, KOCHI, was compared with the Madurai colony ( Table 3 ). The resistance ratio for these two colonies was 1,745 at the LC 50 (Table 4) , and strong cross-resistance to strains IAB-872 and IAB-881 was observed (10% mortality occurred at the highest dose tested [267 mg/liter]). However, with the GeoR and SPHAE colonies, cross-resistance to strain IAB-59 was low (three-fold) at the LC 50 .
To determine whether the results of the mortality test were significant, we performed a statistical analysis (one-way ANOVA) of LC 50 and LC 90 . Surprisingly, there were not clearly significant differences between resistant colonies as determined by ANOVA (F ϭ 2.729, P ϭ 0.09), but a significant difference was observed with the Kruskal-Wallis test (nonparametric one-way analysis; P ϭ 0.026). This difference was due to the colony with low-level resistance, JRMM-R, which displayed susceptibility similar to that of the susceptible colonies (F ϭ 1.291, P ϭ 0.322, as determined by ANOVA). This colony also accounted for the lack of highly significant differences in tests with the resistant colonies and B. sphaericus strains (F ϭ 2.771, P ϭ 0.087, as determined by ANOVA). However, ANOVA that included the three highly resistant colonies revealed a clearly significant difference between strains; the IAB-59 strain was significantly more toxic to the resistant colonies than strains 2362, IAB-872, and IAB-881 were (F ϭ 8.587, P ϭ 0.007, as determined by ANOVA).
Cross-resistance and mechanisms of resistance. For the colony with low-level laboratory-selected resistance (JRMM-R), no significant differences were observed in the resistance ratios for the B. sphaericus strains tested. For this colony, which was reported to exhibit stable resistance to strain 2362 (Abbott technical powder) that was 31 times stronger than the resistance of JRMM-S (25, 26), the resistance ratio was only about 4 to 9 in this study, when the test was performed with B. sphaericus standard strain 2362. To improve our understanding of the difference in the levels of resistance to strain 2362 and to confirm the strong cross-resistance, we recently repeated these tests with the same powders (stored at 4°C since 1995). Interestingly, in the latter tests we observed 29-fold resistance to strain 2362 and strong resistance to strain IAB-59 (42-fold at the LC 50 ). It therefore seems clear that for the colony with low-level resistance, strain IAB-59 cannot reduce the level of resistance. This may be because the mechanism of resistance to B. sphaericus in the JRMM-R colony is different from that in the other colonies. This is consistent with the fact that the level of resistance of JRMM-R has never reached high values, even under strong selection pressure and with homozygous resistant colonies (26, 27) . It is important to understand the mechanisms of resistance if we are to predict resistance and cross-resistance. Binding between the toxin and the larval midgut membrane receptor is an important step in the mode of action of and mechanisms of resistance to most Bacillus thuringiensis Cry toxins and the binary toxins of B. sphaericus (5, 14, 15) . In most cases, Cry toxin resistance is due to a lack of toxin-receptor binding. However, this has been shown for the highly resistant GeoR (15) colony but not for the SPHAE colony, whose mechanism of resistance remains unknown (16) . Toxin-receptor binding assays were done with midgut membranes from the JRMM-R (31-fold resistance) and JRMM-S colonies some years ago, and the receptors of the two colonies displayed similar affinities for the toxin (Nielsen-LeRoux, unpublished data). It is therefore likely that there are various mechanisms of B. sphaericus resistance even in areas located close together geographically, as both GeoR and JRMM-R originated from C. pipiens quinquefasciatus collected in the field in California. Additionally, since both the GeoR and SPHAE colonies are susceptible to IAB-59, the data may indicate that the mechanism of resistance in JRMM-R is different from those in GeoR and SPHAE.
Cross-resistance to other strains. Consistent with our results, it has been reported that the IAB-59 strain has only low-level cross-resistance to the laboratory B. sphaericus 2362-selected C. pipiens quinquefasciatus Bsph-R colony (36) , from which GeoR originated, and that an Indian C. pipiens quinquefasciatus colony with low-level resistance (20-fold) to B. sphaericus 1593 displays cross-resistance to IAB-59 (20) . The resistance ratios for JRMM-R are the ratios determined with reference to JRMM-S; the resistance ratios for GeoR and SPHAE are the ratios determined with reference to IP; and the resistance ratios for KOCHI are the ratios determined with reference to Madurai.
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The values in parentheses are 95% confidence intervals.
Other cross-resistance studies with highly toxic B. sphaericus strains have shown strong cross-resistance to strains 1593 and 2297 for the JRMM-R colony (26) and also strong cross-resistance to strain 2297 for the KOCHI colony from India (19 (14) . Protein analysis. The toxicity of strain IAB-59 to the highly resistant colonies is unlikely to be due to the binary toxin of this strain (Bin1), whose amino acid sequence is slightly different from the amino acid sequence of Bin2 of strains 1593 and 2362 (1), because it was recently shown that the binary toxins of IAB-881, IAB-872, and IAB-59 are identical (8) . This suggests that other toxic factors may be present in strain IAB-59, which apparently are not present in strains IAB-872 and IAB-881. We investigated this possibility by comparing the protein profiles of the four B. sphaericus strains. The equivalent of 250 g of powder of each strain was analyzed by SDS-PAGE (Fig. 1) . The differences in protein concentration observed were consistent with differences in the amounts of protein in the 250-g portions analyzed. Although the protein bands were only weakly stained and the gel was misstained (due to the presence of lactose in the powders), the binary toxin was nonetheless clearly present in all strains, which is consistent with their larvicidal toxicity. In addition to the binary toxin, a few other major proteins seem to be specifically present in strain IAB-59; on gels one of these occurs at about 120 kDa and one occurs between the 56-kDa (BinB) and 42-kDa (BinA) proteins of the binary toxin. We are currently investigating whether the activity of strain IAB-59 depends on one of these additional proteins and are paying particular attention to the protein just below BinB (Fig. 1) .
Our results indicate that strain IAB-59 may be used as an alternative to strains 1593 and 2362, but certainly not at the same level as B. thuringiensis subsp. israelensis, because there is some cross-resistance. Whether the IAB-59 strain has commercial value as an alternative to 2362 and 1593 will depend on the productivity and activity of this strain. Studies to validate the low level of cross-resistance to IAB-59 are currently under way; in these studies workers are selecting for resistance to this strain under laboratory conditions in order to evaluate the potential of this strain for use in resistance management programs in which B. sphaericus is the main insecticide used against Culex mosquito larvae.
Our results also suggest that although the insecticidal B. sphaericus strains currently known have limitations, both in terms of their activity spectrum (Diptera) and in terms of toxin variation compared with B. thuringiensis, the activities of the mosquitocidal factors expressed in some strains of B. sphaericus may extend beyond the activities of the known binary crystal toxins and vegetatively expressed Mtx toxins (34) . The insecticidal activities of these strains against members of other insect groups, such as the Lepidoptera, remain to be investigated.
